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The microvoiding in crack-tip plastic zone in a partly exfoliated polyamide 6–silicate nanocomposite is investigated
through the experimental measurement of microvoid size distribution and the computer simulation in context of non-
linear fracture mechanics. In order to analyze the eﬀect of silicate content on fracture resistance, the evolution of the
collective microvoids induced by the silicate nanolayers is characterized by the void number density (VND). The inﬂu-
ences of the ﬁller–matrix interaction on the yielding and hardening behaviors, as well as the total number, volume frac-
tion, and nucleation and growth rates of microvoids are discussed in detail.
 2005 Elsevier Ltd. All rights reserved.
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The superior properties of polyamide 6–silicate nanocomposites, such as high stiﬀness and strength, low
permeability, and high combustion resistance, have made them attractive for a wide variety of engineering
applications (Yasue et al., 2000; Masenelli-Varlot et al., 2002; Qiao et al., 2005). Over the past two decades,
numerous studies have been performed for the development of processing techniques and material charac-
terization. However, usually as a ‘‘side issue’’, the addition of the silicate nanoﬁllers would increase the level
of brittleness, which could greatly limit the applicability of these materials in load-bearing components
(Giza et al., 2000; Tjong et al., 2002).0020-7683/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijsolstr.2005.07.019
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trix. The small thickness of the silicate nanolayers around 1 nm and the relatively large length and width
around 100–1000 nm lead to the ultrahigh three-dimensional aspect ratio. A silicate nanolayer contains sev-
eral sheets of SiO4 tetrahedral ﬁlled by Al
3+ or Mg2+ (Brindley and Brown, 1980). The basic structural unit
of silicate minerals is tactoid, consisting of about 100 layers. This layer stack must be disrupted during the
nanocomposite processing. Usually the polyamide 6–silicate nanocomposites are synthesized through
monomer intercalation technique (Kato and Usuki, 2000; Carrado, 2000). The initial basal distance of
the tactoid is around 1 nm, which is smaller than the polymer chains. In polar solvents such as water,
the layer stack can swell and the monomers can be intercalated into the interlayer by displacing the
Al3+ and Mg2+ ions. The macromolecules can then be formed through in situ polymerization at appropri-
ate temperature and pressure. The basal distance would be expanded to 10–20 nm and eventually the nano-
layers are exfoliated.
In neat polyamide 6, the dominant mechanism of plastic deformation is cold drawing, and under com-
pressive loading shear banding can also take place (Friedrich, 1983). With the addition of the silicate nano-
layers, the crystallinity can be either reduced slightly (Wang et al., 2002) or nearly constant (Chan et al.,
2002), while the spherulite size is reduced signiﬁcantly (Tjong et al., 2002), which was attributed to that
the nanoﬁllers can promote crystallization nucleation and the molecular mobility in amorphous phase is
considerably lowered. At a crack tip, breakdown of individual lamella or layer stacks associated with
the nanolayer-induced stress concentration results in the microvoiding near the ﬁller/lamellae–amorphous
interface, causing the ﬁbrillation quite similar with that in an amorphous polymer (Gloaguen and Lefebvre,
2001). At room temperature, the critical J-integral, JIC, decreases with the increasing of silicate content, the
decreasing of polymer–silicate interface strength, and the reduction in degree of dispersion (Russell and
Beaumont, 1980; Nair et al., 2002). As silicate content increases, a ductile-to-brittle transition takes place
in the range of 2–7 wt.%. Tjong et al. (2002) reported that the energy at break can be greatly lowered by
about 75% and the elongation at break can be reduced from more than 100% to smaller than 30%.
Experimental evidences have shown that, for the polymer–silicate nanocomposites, the fracture tough-
ness is nearly proportional to the plastic zone size, indicating that the plastic deformation mechanism is
quite similar in a wide range of silicate content (Nair et al., 2002), probably due to the small void size
and the rigidity of the silicate layers. However, currently there is still no satisfactory model that can relate
the micromechanisms of fracture to the macroscopic properties. In order to identify the optimum micro-
structure, the behavior of the silicate nanolayers must be studied quantitatively. In this article we will dis-
cuss the evolution of the collective microvoids in context of nonlinear fracture mechanics, with the concept
of microvoid number density being incorporated.2. Experimental
To understand the eﬀect of silicate content on the fracture resistance, four groups of samples were inves-
tigated: (1) neat polyamide 6 (N6); (2) polyamide 6–1.7 wt.% silicate nanocomposite (NC17); (3) polyamide
6–3.7 wt.% silicate nanocomposite (NC37); and (4) polyamide 6–5.0 wt.% silicate nanocomposite (NC5).
The nanocomposites were provided by the Ube Industrial, Ltd and Dr. M. Kato in the Toyota CRD
Lab, Inc. They were produced through the in situ polymerization method discussed by Kato and Usuki
(2000), in which synthetic mica tactoids were ﬁrst mixed with a e-caprolactam solution at 80 C and then
kept at 220 C for a relatively long time. Once the basal space expanded to about 2 nm, the temperature was
raised to 260 C. The wide angle X-ray diﬀraction (WAXD) data showed that the nanolayers were partly
exfoliated (Qiao et al., 2005).
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24 h in a 285A Isotemp vacuum oven, the pellets were compression molded into 0.5 mm thick ﬁlms using a
3912 Carver hydraulic compression molding machine. The eﬀect of the heat treatment history was removed
by keeping the materials at 240 C for about 8 min followed by air cooling. Tensile samples of the size of
50 · 10 · 0.5 mm were cut from the ﬁlms. For the fracture experiment, single edge notched specimens
(SENS) were produced by pre-notching the tensile samples using a fresh razor blade, with the notch depth
of 3.0 mm and the radius of notch root smaller than 0.1 mm.
The tensile and fracture experiments were performed in a type 5569 Instron machine at room tempera-
ture. The gauge length was 25 mm and the crosshead speed was set to 1.0 mm/min. The experimental data
of the proportional limits {ry, ey} for the samples of diﬀerent silicate contents, c, are listed in Table 1.
Through the experiment on SENS, the critical J-integrals, Jcr, and the failure time, tcr, were measured.
The results of Jcr are shown in Fig. 1.
For NC17 and NC37, the microvoid population were analyzed in a number of nominally identical
SENS. The experimental setup was similar with that of the fracture experiment. The tests were stopped
at 0.6tcr or 0.8tcr, before the ﬁnal failure would occur. The specimens were immersed in liquid nitrogen
and broken apart cryogenically. The fracture surfaces were coated in an Emitech K575X turbo sputter
coater and observed in a Hitachi S2150 SEM. By measuring the radii of the voids in randomly chosen
SEM images of crack-tip zones, the size distributions of microvoids were obtained, as shown in Tables 2
and 3.Table 1
The tensile properties of the polyamide 6–silicate nanocomposites
Nanocomposites c (wt.%) ry (MPa) ey (%) m
N6 0.0 49 5.1 –
NC17 1.7 67 4.4 1.2
NC37 3.7 78 2.5 2.0
NC50 5.0 84 1.8 3.7
Fig. 1. The critical J-integral of polyamide 6–silicate nanocomposites as a function of the silicate content, c.
Table 2
The size distribution of microvoids in a polyamide 6–1.7% silicate nanocomposite
Time (t/tcr) cv (%) (0 < a 6 0.3 lm) cv (%) (0.3 < a 6 0.6 lm) cv (%) (0.6 < a 6 1.0 lm) cv (%) (a > 1.0 lm)
0.6 71 18 9 2
0.8 69 16 10 5
Table 3
The size distribution of microvoids in a polyamide 6–3.7% silicate nanocomposite
Time (t/tcr) cv (%) (0 < a 6 0.3 lm) cv (%) (0.3 < a 6 0.6 lm) cv (%) (0.6 < a 6 1.0 lm) cv (%) (a > 1.0 lm)
0.6 73 15 10 2
0.8 75 10 11 4
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3.1. Plastic deformation at the crack tip
Fig. 2 shows a typical true stress—true strain curve of polyamide 6–silicate nanocomposites. When the
applied strain is relatively small, the material is in the elastic domain (stage I) until the strain exceeds the
proportional limit, ey. As the deformation increases, in stage II, the material behavior is highly nonlinear
and the permanent damage occurs. The silicate nanolayers act as stress concentrators resulting in the some-
what homogeneous microvoiding, especially at the sites where positional and orientational correlation
among nanolayers is pronounced. When the strain reaches a critical value es, in stage III, the microvoid
nucleation and growth become heterogeneous, associated with ﬁbrillation and local drawing that cause
considerable lateral shrinkage and whitening. Eventually, the polymer chains are ‘‘straightened’’ and signif-
icant hardening occurs. In this stage local cold drawing dominates the material behavior and the eﬀect of
microscale defects is only secondary.
In a precracked sample, since the size of the reinforcements in the nanocomposites is much smaller than
the crack-tip plastic zone and the characteristic length of crystallites, the crack-trapping and bridging eﬀects
are negligible (Qiao, 2003; Qiao and Kong, 2004). Due to the high degree of strain concentration, in the
near-tip ﬁeld the material behavior would rapidly enter stage III, accompanied by the crack-tip blunting.IIIIII
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Fig. 2. A typical true stress—true strain curve of the polyamide 6–silicate nanocomposite.
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microvoids is the dominant process. The microvoids can be formed through the breakdown of lamella or
layer stacks, and their growth leads to the ﬁnal failure of the material (Gloaguen and Lefebvre, 2001; Avlar
and Qiao, 2005). Outside the plastic zone the background behavior is elastic and contributes little to the
crack growth.
3.2. Growth of a single microvoid
In the microvoiding zone, the stress–strain relation of the nanocomposite can be stated asre=ry ¼
e=ey e 6 ey
ðe=eyÞm ey < e 6 es

ð1Þwhere re is the eﬀective stress and m is a material parameter related to the silicate content, c.
The growth of a spherical void under triaxial loading is essentially one-dimensional. In such a spherical
coordinate system the eﬀective strain rate can be deﬁned as_e ¼ 2_r=r ð2Þ
and the eﬀective strain ise ¼ 2 lnðr=RÞ ð3Þ
where r and R are the current and initial void radii, respectively. The strain associated with the void growth
can then be expressed as ea = 2ln(a/a0), i.e.dea ¼ 2 a0a da ð4Þwhere a is the current void size and a0 is the initial void size.
The balance of linear momentum givesorr
or
 2re
r
¼ 0 ð5Þwith the boundary condition ofrrðr; tÞ ¼ 0 at r ¼ a
rr ! p0 at r ! 1where p0 is the transient pressure. Through an integration method (Chung et al., 1987),p0 ¼
2
3
ry þ
Z ea
0
re
expð3e1=2þ re=2GÞ  1 de1 ð6Þwith e1 = e  ey, which can be rewritten as
dp0
dea
¼ re
expð3e1=2þ re=2GÞ  1 ð7ÞThus, we haveda ¼ a
2a0
dea ¼ expð3e1=2þ re=2GÞ  1re dp0 ð8Þ
5974 X. Kong et al. / International Journal of Solids and Structures 43 (2006) 5969–5980Eq. (8) describes the growth rate of the void subjected to p0(t), with t being the time. According to a study
performed by Wu et al. (2003), this close-form expression works quite well when a/a0 is smaller than 2–3,
which is in consistent with the strain range under consideration.
As depicted in Fig. 3, microvoiding is pronounced only in the far-ﬁeld. Following the classic HRR the-
ory (Rice and Rosengren, 1968; Hutchinson, 1968), the stress and strain distributions in the microvoiding
zone can be stated asfrr; rh; rrhg ¼ rn eKmrm=ðmþ1Þf~rr; ~rh; ~rrhg ð9Þ
fer; eh; erhg ¼ en eKmrm=ðmþ1Þf~er;~eh;~erhg ð10Þwhere ri and ei are stress and strain components, respectively ði ¼ r; h; rhÞ; ~ri and ~ei are dimensionless func-
tions of the rotation angle from the median plane, h; andeK ¼ E
r2y
J
IðmÞ
" # 1
mþ1with E = rn/en, J the J-integral, and I(m) a numerical function of m.
During the fracture process where the J-integral keeps increasing, since the macroscopic properties of the
material are homogeneous, the eﬀect of unloading at the crack tip is negligible. Thus, the size of the crack-
tip plastic zone, ry, can be estimated through re = ry. The boundary of the stretching zone, rs, is deﬁned by
ee = es, with ee being the eﬀective strain.
3.3. Evolution of collective microvoids
Consider the fracture experiment in which the J-integral increases from 0 to Jcr with a constant rate, _J .
Through Eqs. (8)–(10) the growth of a single microvoid at the crack tip can be simulated. However, due to
the small size of the silicate nanolayers, the microvoids are much smaller than the plastic zone size, i.e. theStretching zone Microvoiding zone
Crack-tip plastic zone 
Silicate layer 
stack with 
intercalated 
polymer chains 
r 
rs ry
A microvoid induced by
silicate nanolayers
Exfoliated silicate 
nanolayer
Fig. 3. A schematic diagram of the evolution of collective microvoids in the crack-tip plastic zone.
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necessary to discuss the evolution of the microvoid population.
During the early stage of crack-tip damage evolution, the microvoids are far and few between and the
nucleation and growth of the microvoids can be assumed isolated. Once the size of a certain portion of the
microvoids is close to the void–void spacing, the interaction among the microvoids is pronounced and as a
result the homogeneous characteristic of microvoiding is lost. Under this condition, the heterogeneous
craze-like ﬁbrillation or local drawing becomes dominant, leading to the eventual macroscale failure. In
the current study, the critical J-integral, Jcr, is taken as the value at the end of the early stage when the
microvoid interaction becomes important. The post-critical plastic deformation will be neglected.
The collective microvoids can be characterized by the void number density (VND), n(a, t), through the
equilibrium equationonða; tÞ
ot
þ o
oa
½Aða; tÞnða; tÞ ¼ nNða; tÞ ð11Þwhere n(a, t) is deﬁned as the number of microvoids of size a at time t per unit volume, A(a, t) is the average
void growth rate, and nN(a, t) is the average void nucleation rate, i.e. the number of microvoids of size a that
are formed in unit volume per unit time. The concept of defect number density has been applied in studying
multiple site and widespread damages for a wide variety of materials quite successfully (Qiao and Hong,
1998; Hong and Qiao, 1999). The second term at LHS of Eq. (11) reﬂects the inﬂuence of void growth,
and RHS is the source term. If we assume that all the nucleated microvoids are of the same size, a0, Eq.
(11) can be rewritten asonða; tÞ
ot
þ o
oa
½Aða; tÞnða; tÞ ¼ 0 ð12Þwith the boundary condition of n(a0, t) = n*(t) indicating the void nucleation rate. Since under an increasing
J the voids will never shrink, we do not need to consider the range of 0 < a < a0.
The nucleation rate can be stated asnðtÞ ¼ a  ðN 0  D0Þ  ðJ=J 0Þb ð13Þ
where a and b are material constants, N0 is the average ﬁller number per unit volume, and
D0 ¼
R1
0
nða; tÞda is the total void number. The value of N0 can be estimated as Vf/Vf0, where Vf0 is the
average volume of a single nanolayer, V f ¼ qnqf . 1c 
qfqn
qf
 1
is the ﬁller volume fraction, and
qn = 1.1 · 103 kg/m3 and qf = 3.2 · 103 kg/m3 are the weight densities of polyamide 6 and silicate,
respectively.
The void growth rate can be obtained through Eq. (8) asAða; tÞ ¼ da
dJ
_J ð14Þwhich, according to Eqs. (7)–(10), is position dependent. In the following discussion, the eﬀective void
growth rate Aða; tÞ is taken as the average value of A(a, t) in the microvoiding zone. The critical condition
at the onset of heterogeneous damage evolution can be stated asZ 1
acr
nða; tÞdaP N cr ð15Þthat is, there exist at least Ncr voids larger than a critical size acr. For the rapid local drawing to occur, acr
should be close to the average spacing among the microvoids d0 = (1/D0)
1/3. In a quasi-FCC structure of
the silicate nanolayers, Ncr can be taken as nN0/4, with n being a correction factor. For the homogeneous
damage evolution, n = 1.
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where Ek and E? are the upper bound and lower bound of the tensile modulus, respectively, which are func-
tions of silicate content and can be obtained through stress/strain average method (e.g. McClintock and
Argon, 1993). The Poissons ratio, v, on the other hand, is quite insensitive to c, and will be taken as
0.38 in the following discussion. Note that the shear modulus G = E/2(1 + v).
Finally, the initial condition of n(a, t) can be taken asnða; 0Þ ¼ 0 ð17Þ
i.e. initially the material is defect free. The VND model is now complete. There are two parameters asso-
ciated with the microvoid nucleation {a,b} that are still unknown. They must be estimated by comparing
the numerical and experimental results. Once their values are determined, Eq. (15) gives the failure time tcr,
and then the critical J integral can be obtained asJ cr ¼
Z tcr
0
_J dt ð18Þ4. Results and discussion
The experimental results of tensile properties of the nanocomposites are listed in Table 1. As the silicate
content c rises, the yield strength increases, which is compatible with the literature data. On the other hand,
the extensibility decreases signiﬁcantly, especially the stretch strain es, i.e. the silicate nanolayers suppress
the plastic deformation. This phenomenon is in consistent with that the strain hardening factor, m, in-
creases with c. As a result, the fracture resistance is reduced as more nanoﬁllers are added in the matrix.
The experimental data of the tensile properties provide a basis for understanding the role of silicate nano-
layers in crack growth. The c dependence of the parameters {ry, es,m} can be regressed as third-order
polynomials.
The measured void size distributions on the cryogenically separated surfaces of NC17 and NC37 at dif-
ferent t/tcr are shown in Tables 2 and 3, with cv being the fraction of the microvoids with the size in the
range under consideration. A correction factor of
ﬃﬃﬃﬃﬃﬃﬃ
2=3
p
was used in the void size calculation to take ac-
count for the fact that the fracture plane does not go through the main circle of every void. It can be seen
clearly that the n–a relation is a descending curve in both nanocomposites, which should be attributed to
that, as the existing microvoids grow larger, new microvoids with the size of a0 are nucleated continuously
and thus n(a, t) is always higher in the lower a range. In both NC17 and NC37, the fraction of voids larger
than 1 lm increases nearly 5–6 times as t/tcr rises. While this ratio is quite insensitive to the silicate content,
in NC37 the fraction of small voids is somewhat higher than that in NC17, and, accordingly, the fraction of
large voids is lower. This phenomenon suggests that the distributed silicate nanolayers can hinder the void
growth. In the VND model, this eﬀect is captured by Eq. (16).
By using the VNDmodel established in Section 3.3, the evolution of microvoids can be simulated numer-
ically. It was found that if a is taken as 5.0 · 109 and b is set to 2.2, the simulation results of n(a, t) ﬁt with
the experimental measurements quite well. As t/tcr increases, the n(a, t) curve keeps moving upwards and
toward the higher a end due to the continuous void nucleation and growth (see Fig. 4). Since the nucleation
is more important than the growth, in the lower a range jdn(a, t)/daj increases with t, while in the higher a
range it decreases, i.e. the evolution of the population of large microvoids is ‘‘slower’’ than that of small
ones. Consequently, the failure time deﬁned by Eq. (15), which is dominated by the number density of
the microvoids larger than acr, is nonlinear to the silicate content. The values of a and b are determined
Fig. 4. The evolution of the microvoid number density, n(a, t).
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and ﬁller–ﬁller interactions, which should be sensitive to the processing and post-processing treatment tech-
niques. Note that a and b are independent of the silicate content, c. The relatively high a value indicates that
in the nanocomposites the void nucleation is relatively easy. On the other hand, the value of b, which is
larger than 1, suggests that, as J increases, an increasingly large portion of nanoﬁllers would fail.
Fig. 5 shows the evolution of the total void number, D0, where the characteristic void number N1 is the
N0 of NC17. With the constant _J , the nucleation rate increases with time, and consequently D0 rises with an
increasing rate. Furthermore, the more the silicate nanolayers dispersed in the matrix, the higher the num-
ber of available void nucleation sites, so does the value of D0. The evolution of the total volume of the
microvoids is shown in Fig. 6, where D3ðtÞ ¼ 4p3
R1
0
nða; tÞa3 da. Similar to D0, both of d2D3/dt2 and
dD3/dc are positive. However, since the void growth rate is lower in the high silicate content nanocompo-
sites, the eﬀect of increasing c on D3 is less signiﬁcant.Fig. 5. The evolution of the total microvoid number, D0.
Fig. 6. The evolution of the total volume of microvoids, D3.
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increase in void nucleation rate. According to the analysis of the relationship between the silicate content
and the void size distribution, the former, which suppresses the damage evolution at the crack tip, is less
important. Therefore, the net result of increasing c is the decrease in fracture resistance. Through Eq.
(18), the fracture resistance can be calculated as a function of c, which is shown in Fig. 1. It can be seen
that the numerical results of Jcr ﬁt with the experimental data quite well.
It is clear that the above discussion provides only a framework for the study on fracture behavior of
polyamide 6–silicate nanocomposites. In order to understand the details of the microvoiding process, the
fundamental role of silicate nanolayers in the plastic deformation at the crack tip as well as its inﬂuence
on the matrix properties must be investigated at the molecular level. Note that in the current research
the time dependent characteristic of the nanocomposites is ignored.5. Conclusions
To summarize, the evolution of collective microvoids at the crack tip in polyamide 6–silicate nanocom-
posites is investigated in the framework of the equilibrium of microvoid number density. Due to the small
ﬁller size, the reinforcing mechanisms in conventional composite materials such as crack trapping and
bridging are no longer important. The factor of the nanoreinforcements comes in by aﬀecting the crack-
tip plastic deformation through microvoiding. The addition of the silicate nanolayers increases the stiﬀness,
and thus suppresses the microvoid growth, while on the other hand it also promotes the microvoid nucle-
ation. The experimental data of the microvoid size distribution indicates that the void nucleation eﬀect is
more pronounced, and therefore the fracture resistance is reduced with the increasing of silicate content.
The following conclusions are drawn:
(1) At the crack tip in a polyamide 6–silicate nanocomposite, the number of small microvoids is always
larger than that of large microvoids.
X. Kong et al. / International Journal of Solids and Structures 43 (2006) 5969–5980 5979(2) As the collective microvoids evolve, the fractions of both nanolayer-sized and large-sized microvoids
keep increasing; that is, the number density distribution curve becomes steeper in the lower a range
and ﬂatter in the higher a range.
(3) The sensitivity of the fracture resistance to the silicate content decreases as the silicate content
increases.
(4) The inﬂuence of increasing silicate content on the total microvoid number is more pronounced than
that on the microvoid volume fraction.Acknowledgements
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